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I. INTRODUCTION

In spite of a great deal of effort expended over the years to
guide mathematical models with rational experiments, one of the least
understood aerodynamic disciplines has always been base flows of
missiles and projectiles. The review and bibliography by Murthy and
Osborn' of over 700 publications bear witness to this fact. One should
not be surprised nor discouraged by this, however, since base aero-
dynamics must necessarily incorporate all the individual difficult
areas of three dimensional viscous and inviscid flows, flows with
_bodies at angle of attack, and flows with separated regions.

The vast majority of the experimental works have been on sting-
supported models paralled by experiments to describe the sting
effect. Comparatively fewer experimenters resort to free-flight
techniques for obtaining base pressure data. This results because
of a combination of expense and degree of difficulty. Rocket
launched vehicles tend to be costly and data are often obtained as a
"piggy-back" test on full scale reentry vehicles. Test vehicles
free-flighted in wind tunnels must necessarily be small requiring
miniaturized telemetry and transducer systems. These also usually
require specialized data reduction techniques. Tower drop tests
are generally limited to a low Mach number. The clear advantage
enjoyed by sting supported models is that their attitude is well
controlled. In free-flight, roll and trim control add difficulties
in data interpretation and usually result in averaged values or
data at angle of attack.

The purpose of this work is to describe base pressure measure-
ments on two 8° half angle cones by means of yet another free-flight
technique. The cones were launched from guns at approximately
M, = 3. Their trajectory was monitored by FPS-16 instrumentation
radars and the data were telemetered to ground stations. Continuously
varying base pressure data from M_= 3 to M_~ .04 are therefore
obtained corresponding to Reynold numbers of 35 X 106 and 25 x 10%
respectively.

II. BACKGROUND

The greatest preponderance of open literature free-flight
base pressure data that exists on reentry vehicles has been spawned
by the General Electric Company, King of Prussia, Pennsylvania.
The major thrust in these efforts has been data gathering in
the hypersonic regime.

lmM@,&N.&an.Rowwm'%mewMMwﬁhmdmﬂwt
Injection: Bibliography and Semi-Rational Correlations,' Purdue
University, May 1973.



Ianuzzi and Weddington? noted a negative pressure gradient from
the base centerline in the laminar regime in wind tunnel free-flight
measurements from M_ = 15 to M_ = 20. Their experiments were also
the first to use a multichannel telemetry system.

Cassantod notes a similar negative pressure gradient from the
base centerline to r/Rb = .66 during a full scale reentry vehicle
flight at M_ = 20. The gradient decreases with increasing Reynolds
number.

In addition to the radial pressure gradients, Softley and Graber"
and Martellucci and Ranlet® noted a local minimum at approximately
r/Ry = .7 at hypersonic Mach numbers. This trend has also been noted
on a sting supported model by Kayser® at supersonic Mach numbers
from 1.75 to 4.00.

Cassanto’ proposes to use base pressure measurements as a means
of inferring pressure profiles of various planets. He also notes
certain base pressure characteristics serve as checks for flight
performance. For example, at M_ = 1, a distinct rise in the base
pressure is noted. Near M ~ 1.2 a plateau exists where the base
pressure is essentially independent of Mach number and Reynolds
number. ’

2Ianuzzi, F. A. and E. D. Weddington, "Free-Flight Base Pressure
Measurements across the Base of Sharp and Blunt 10° Cones at
Mach Numbers from 15 to 20," AEDC-TR-66-223, December 1966.

3Cassanto, J. M., "Radial Base Pressure Gradients in Laminar Flow, "
ATAA Journal, December 1967.

4Softley, E. J. and B. C. Graber, "Techniques for Low Level Pressure
and Heat Transfer Measurements and Their Application to Base Flows,"
General Electric MSD-TIS-R-675D2, March 1967.

5Murtellucci, 4. and J. Ranlet, "Experimental Study of Near Wakes:
Data Presentation," GASL TR-641, March 1967.

6Kayser, L. D., "Experimental Study of Separation from the Base
of a Cone at Supersonic Speeds," BRL R 1737, August 1974.

7Cassanto, J. M., "An Experiment to Determine the Atmospheric
Pressure Profile of a Planet using Base Pressure Measurements,'
ATAA Paper No. 72-202, January 1972.



Pick® obtained free-flight data on a 10° sharp cone in the hyper-
sonic regime and noted that the base pressure was nearly independernt
between o = 10° and 30°; showed moderate variation between o = 0° and
10° ; and large variation above a = 30°.

ITI. EXPERIMENTAL TECHNIQUE

Model Description

The 53.67 cm long test vehicles are flat-based, right-circular,
8° half-angle cones with sharp corners and a tip bluntness ratio
(Rn/Rp) of 1%. A schematic of the vehicles is shown in Figure 1.
The cones are made of hard-coated aluminum with a wall thickness of
1.588 cm. The base is 1.905 cm thick and contains two transducer
ports; one at the centerline r/Rb = 0, and one at r/Rb = ,5. These
ports were drilled and tapped to accept 10-32 threaded transducers.
The third transducer was located at r/Rp = .917 and consisted of
a .159 cm by 5 cm long port through which pressure was sensed.

The base assembly was held in place by a locking ring. The side

of the cone contained a slotted opening to accept insertion of

the transmitting antenna. In order to make the cone statically
stable a weight in the form of a steel tip was added. This piece
was threaded and pinned to the aluminum body to insure structrual
integrity on launch. . The steel tip provided a static margin
(difference between the center of gravity and the center of pressure)
of about .5 cm.

Since the cones are launched from a smoothbore gun, they are
supported by a sabot system as the gases propel the vehicle up the
tube. The sabot consist of five parts: (1) sabot side petals;

(2) obturator; (3) pusher plate; (4) tip support; and (5) gasket.
These are shown in Figure 2. The obturator, pusher plate, and

side petals interlock to insure that the pieces do not separate
while being loaded into the gun. The side petals are machined from
a polycarbonate resin and quartered to within 2 cm of the base.
They serve as riding surfaces during the vehicle's launch phase.
The primary purpose of the polyethelene obturator is to seal the
expanding propulsive gases from the vehicle proper. It is designed
to be size-on at the forward end and expands with a 1.5° half-
angle taper. The length of the obturator is about 8.25 cm. The
function of the pusher plate is to transmit a uniform propelling
force. It is made from 2.5 cm thick 7075-T6 aluminum. The tip

8Pick, G. 8., "Base Pressure Distribution on a 10° Sharp Cone at

Hypersonic Speeds and High Angles of Attack,'" AIAA Paper 72-316,
April 18972.
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support is the result of an empirical solution to launch failure

of similar dual material models in the past. The history of

this device goes back over a decade. Typically, the steel nose

of a cone projectile would fracture at the threaded joint just after
the vehicle exited the tube. It was conjectured to be a rebound
effect from the compressive load applied to the system while it was
being accelerated up the tube. The tip support is therefore used

to absorb the energy in billiard ball fashion that would otherwise

be absorbed by the steel nose. The mechanism for the energy
absorbtion and the real cause for failure of the noses without the
‘tip support is unclear. However, it must be said that repeated
successful launches are achieved by use of this device. The

gasket functions as a seal to prevent propulsive gases from entering
the base pressure ports during model compression while accelerating
up the tube. Typical propelling pressures can reach 350 MPa whereas
the base transducers have a burst pressure of several tenths of a MPa.

Test Site and Instrumentation

The experiments were conducted at the Wallops Island, Virginia,
NASA facility. This site is convenient because it has precision
instrumentation radars, such as the FPS-16, available for projectile
tracking. The FPS-16 has a range precision of # 4.57 m (RMS) and an
angular precision of # .1 mil (RMS).

The launcher is depicted in Figure 3. The gun is actually made
up of two tandemly fitted 7-inch Naval rifles, but welded and rein-
forced to take the overpressure. It is approximately 85 calibers
long. It has the capability of being raised to any elevation
between 0° and 90° from the horizontal. Our particular firing
elevation was 80°. The launcher is surveyed into position and
directed to fire on an azimuth of 130° from TN. Vehicle recovery
is not attempted since the beach firing site and launch azimuth cause
it to fall into the sea. This gun, one of several in existence,
has better than a M, = 6 capability and has attained altitudes of
180 km with low drag shapes weighing approximately 23 kg. A 16"
version of the same system can propel a 180 kg payload to a M_ =9
muzzle velocity.

The FPS-16 radar trajectory, together with rawinsonde atmos-
pheric data, allow us to reconstruct the vehicle Reynolds number
history. Maximum error in the precision of rawinsonde temperature
and pressure data is about .3% over sea level to 5200 m altitude.
The corresponding one standard deviation is approximately .08%
for both sets of data.

Three smear cameras were used to photograph the projectile and
sabot parts at 9.14 m (30ft), 15.24 m (50 ft), and 21.34 m (70 ft)
from the muzzle. Photographs of one of the launches are shown in

11



7-inch Smoothbore Launcher

Figure 3.
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Figures 4, 5, and 6. This gives the reader an idea of the muzzle
environment experienced by the vehicles. Some of the sabot parts

can be identified in these photographs. The white regions in Figures
4 and 5 are either hot gases or burning sabot pieces. In Figure 4
the tip of the cone is clearly seen protruding from the cloud. In
Figure 6 only the cone, the pusher plate, the two tip support halves,
and a partial gasket are seen. The rest of the sabot components

are out of the field of view. A fourth smear camera (Figure 7)
angled slightly from behind gives a wider field of view of the same
event. This camera is pointed at approximately the 21.34 m (70 ft)

. position and serves only to view the sabot pieces as they separate
from the vehicle.

The purposé of the cameras is twofold: (1) they allow one to
view catastrophic model failure, and (2) the three precisely located
smear cameras together with a framing camera aimed at the muzzle,
allow one to infer the muzzle velocity of the test vehicle. This
is done by imprinting a common time trace on all cameras and resolving
distance-time differences. The muzzle velocities thusly obtained
were compared to an independent measurement system consisting of a
radar doppler velocimeter. The initial velocities from these two
techniques agreed to within less than one percent of each other.

It is important that this velocity be known accurately since the
FPS-16 radars typically lock on the vehicle several seconds after
launch. The initial portion of the trajectory (the first five seconds
in our case) is simulated with a computed point mass trajectory by
knowing the initial velocity and the matching velocity at radar
acquisition. By adjusting the cone yaw over the early part of the
trajectory (i.e., the drag history) a better than one percent match

in velocity and position at radar acquistion is achieved.

The Wallops Island Facility also supplied us with two fixed
telemetry receiving stations. Each uses a 3.65 m parabolic, 28 db
gain antenna feeding Defense Electronics Incorporated TMR-74B
receivers. Since these telemetry stations are in defilade with
respect to the firing site (and 25 km away), a Ballistic Research
Laboratory Mobile Station was used to obtain data near the muzzle.

IV. ON-BOARD TELEMETRY AND DATA REDUCTION

The transducer used for these tests were commercially available
from Kulite and had a range of 1 atm. These types of transducers
had previously survived the high-g launch of gun systems. Typical
launch acceleration for the 7-inch gun at M, = 3 is approximately
27,000 g with a duration of about 20 ms. Not only must the trans-
ducers survive the launch acceleration but gun gases, with pressures
exceeding 200 MPa (30,000 psi), must not contact the transducers
since this high pressure would easily rupture the diaphragms. This

13



Figure 4. 9.14 m (30 ft) Smear Camera
Photo of 8° Cone in Flight

Figure 5. 15.24 m (50 ft) Smear Camera
Photo of 8° Cone in Flight
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Figure 6. 21.24 m (70 ft) Smear Camera
Photo of 8° Cone in Flight

Figure 7. 8° Cone and Sabot Parts in Flight
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is the reason the polyethelene gasket is used between the base of
the cone and the pusher plate. As the vehicle is accelerating

in the tube, a compressive action seals off any access gun gases
might have to the transducers.

A schematic of the telemetry data links, including the data
reductions system, is shown in Figure 8. Each transducer was
amplified and in turn sampled by a 32 channel electronic comutator.
The commutator frequency was 3200 Hz or 100 frames/s. The output
of the commutator drove a standard IRIG 93 KHz, * 15% deviation,
subcarrier oscillator which in turn modulated a 250 MHz transmitter.
The power of the transmitter was between 100 and 200 mw and radiated
through a slot antenna in the side of the cone as depicted in
Figure 9. From-this photograph one can also get an idea of the
size of the various parts involved. By far the biggest bulk is
in the Nickel-Cadmium batteries. A potting resin is poured into
the cone under vacuum after the electronic components are installed.

When the signal is intercepted by the receiving antenna, the
subcarrier oscillator modulated by the commutor is recorded on tape.
The signal appears as a time varying frequency (center portion of
Figure 8). The tape may now be played back at leisure through
a discriminator to recover the commutated signal. This may be dis-
played on a scope, strip chart, etc. In view of the large quantity
of data, the commutated signal was A/D converted with a sampling
rate of 32 KHz. This meant that each channel of the commutator
contained 10 sample points. The data are now in a form to be
automatically reduced by a computer. This was done on BRL's
CDC 7600. It should be pointed out that some of the commutator
channels were allocated for reference signals. A built-in calibrator
served to check Ov, 5v, and 2.5v for each frame. Additionally,
we used divider circuits to monitor battery voltage and regulated
voltage at the transducers, amplifier, commutator, subcarrier
oscillator, -and transmitter.

Data Accuracy

The system was final calibrated once all the electronics
were installed and potting had been allowed to set. Pressure
calibration below one atmosphere was accomplished by a manometer
with an accuracy better than 1 part per 1000. Transducer linearity
was better than .25% through the complete system. The A/D was
readable to 1 part in 2079. The transducers were temperature
compensated from -18 °C (=0 °F) to +38 °C (~ 100 °F). These units
typically have a thermal sensitivity coefficient of 2 to 3% per
55 °C. Our temperature excursions were much less than this.
Therefore, taking into account calibration through the telemetry
system, linearity of the system to the A/D conversion, the conversion
itself, and thermal effects, it is expected that the base pressure
is accurate to about 1%.

16
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The accuracy of the inferred Mach numbers and Reynolds numbers
depends largely on the accuracy of the velocity history and to a
lesser degree on the atmospheric thermal profile measurement. The
position accuracy of the FPS-16 radar dictates 1 part per several
thousand; i.e. less than 1%. However when differentiating the smoothed
position-time data to obtain velocity, RMS errors of several per-
cent are obtained. These, combined with the fact that the early
portion of the trajectory is computed, suggests that the overall
velocity history, and indeed the Mach number and Reynolds number
history, attain errors of approximately 5%.

As mentioned previously, rawinsonde RMS accuracies in temper-
ature and atmospheric pressure are approximately .08% and as such
are a minor influence on the Mach number and Reynolds number.

V. RESULTS AND DISCUSSION

The average base pressure results for the two 8° half-angle
cone flights (8456 and 8459) are summarized in Figures 10 and 11.
The Reynolds number in these two figures is based on wetted length and
free stream conditions. For flight 8456 only the r/R_ = .5 transducer
functioned whereas the other two transducers functioned for flight 8459,
It is impossible to tell what caused their failure. Therefore Figures
10 and 11 represent composites from the two flights. Figure 10 shows
the distribution of base pressure as a function of Mach number and
Figure 11 as a function of Reynolds number. It should be noted
that although average values of base pressure are presented, some
oscillation in the vehicles and therefore necessarily in the data,
did occur. Both rounds exhibited about a 5° maximum angle of attack
just after exiting the muzzle but damped to near a = 0° within one
or two seconds. At approximately 10 seconds both rounds experienced
fairly large angular perturbations (11° -13°) and damped in two
to three seconds. It is difficult to know exactly what caused
this maneuver. The conjecture is that transition occurred on the
model. The Reynolds number, based on free stream properties, for
this event is 4.5 x 10° . According to Pate) transition based on
local conditions occurs at a Reynolds number of about 4 x 108 .
Since at that time in our flight the vehicle was at M_~.6, the
local Reynolds number conditions would have been nearly the same as
the free stream Reynolds number and transition is thus implied. The
transition Reynolds number changes drastically with angle of attack

9Pate, S.R., "Measurements and Correlations of Transition Reynolds

Mumber on Sharp Slender Cones at High Speeds,' AEDC-TR-69-172,
December 1966.
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as noted by Schmidt and Crescil® as a result of cross flows and vortex
shedding. They noted a leeside turbulent flow while the windward side
remained laminar. It is possible that asymmetric separation caused
the vehicles to oscillate.

The base pressure plateau, as mentioned by Cassanto’ is very well
defined in both Figures 10 and 11. In Figure 10 it occurs between
M =1and M, = 1.25. All three transducers seem to exhibit this char-
acteristic. The corresponding Reynolds number for this occurrence is
between 13 x 10® and 16 x 10° based on free stream conditions. The 30%
jump in the base pressure at M, = 1 is noted by Somer and Yeell and
Cassanto &nd Bucel2. Cassanto’ advocates using both these facts as
benchmarks for mapping trajectories and atmospheric pressures on
planetary probes.’ :

Direct comparison with data of other authors is not possible because
of the range of variables considered. The free flight tests described
in this work cover a much wider range of Mach numbers and Reynolds
numbers than has ever been considered before. Previous free-flight ex-
periments were performed in wind tunnels where flight times were of the
order of miliseconds. They usually simulated high altitude (low Rey-
nolds number) flights at a very limited range of Mach numbers. Addit-
ionally, some of the full scale reentry vehicle flights attained high
Reynolds numbers but at Mach numbers near 20. The present measurements
are a first attempt to obtain continuous Mach number and Reynolds number
data at low altitude and so only trends be compared with other authors.

The radial pressure gradients noted by Cassanto3 in laminar flow
at M, ~ 20 are not evident at the lower Mach number. In this experiment
only about a 10% variation was detected. However, the direction was
qualitatively the same, i.e., the pressure at the centerline was higher
then near the base edge. The data also show a coalescing of the pressures
near M, =.1 (large Re;, ) implying that the lesser pressure now exists
at model centerline. (See inset to Figure 11). The variation is still
small (~ 10%) and has not been demonstrated to be significant. At higher
Reynolds numbers the base gradient effect is consistently shown to be
minimal by other authors’.

JOSchmidt, E. M. and R. J. Cresci, "Near Wake of a Slender Cone in

Hypersonic Flow," AGARD Conference on Fluid Physics of Hyper-
sonie Wakes, vol. 1, May 1967.
ZZSOmmer, S. and L. Yee, "An Experiment to Determine the Structure
of a Planetary Atmosphere," AIAA Paper No. 68-1054, October 1968.

lzcussanto, J.M. and P. Buce, "Free Fall Drop Tests to Determine

Low Speed Stability and Base Pressure Characteristics for Blunt
Planetary Entry Bodies," JSR, Vol. 8 No. 7, July 1971.

20



‘O O
Slo'

L2 —r————

| Re|m=27XIO4
1Lol==——- Re, = 13X 10°

L= L =97
_ 8459 Ry

r
S, —=0
8459 R,

- 6
Rel,m' 30 X10

Re| o= 36 XI

E-

Figure 10.

21

Cone Base Pressure versus Free Stream Mach Number



Iaqumy mﬁHnEﬁmM WeallS 994 SNSIaA aInssald 25eqg auo) [T 2aIndig

BF
9! Ll 90! g
T T T 1 T I T T T T 1 T T T T 1T 1T 1 T 0

e - | m—

€="N 401X < GOIX 6 >® lay
™ + = spues; eunssesd 2 kd

95D0Q POAIISQO
- LY -
VN
N q
- S 4
i | j '&

- — 94

nm .
= 0= 7 6EVE ==== 2 ="N 9¢0" = N -1e
s Ty F u -

1= 658 —— .

q .Iﬁ.p.qllli..l“ul|rqlu|r-|.r..l -

i Cod ooy —— 00 ee——eommCeoTmT =g
[ T | 1 1 ' I R | 1 i [0 I | 1 L z'1



10.

11.

12.

REFERENCES

Murthy, S. N. B. and J. R. Osborn, '"Base Flow Data with and with-
out Injection: Bibliography and Semi-Rational Correlations,"
Prudue University, May 1973

Ianuzzi, F. A. and E. D. Weddington, '"Free-Flight Base Pressure
Measurements across the Base of Sharp and Blunt 10° Cones at
Mach Numbers from 15 to 20,'" AEDC-TR-66-223, December 1966.

Céssanto, J. M., "Radial Base Pressure Gradients in Laminar
Flow," AIAA Journal, December 1967.

Softley, E. J. and B. C. Graber, "Techniques for Low Level
Pressure and Heat Transfer Measurements and Thin Application to
Base Flows,'" General Electric MSD-TIS-R-67SD2, March 1967.

Martellucci, A. and J. Ranlet, "Experimental Study of Near Wakes:
Data Presentation,'" GASL TR-641, March 1967.

Kayser, L. D., "Experimental Study of Separation from the Base
of a Cone of Supersonic Speeds,'" BRL R 1737, August 1974.

(AD #A005015)

Cassanto, J. M., "An Experiment to Determine the Atmospheric
Pressure Profile of a Planet using Base Pressure Measurements,'
AIAA Paper No. 72-202, January 1972.

Pick, G. S., '""Base Pressure Distribution of a 10° Sharp Cone at
Hypersonic Speeds and High Angles of Attack,'" AIAA Paper No.
72-316, April 1972.

Pate, S. R., '"Measurements and Correlations of Transition Reynolds
Number on Sharp Slender Cones at High Speeds,'" AEDC-TR-69-172,
December 1966

Schmidt, E. M. and R. J. Cresci, '"Near Wake of a Slender Cone in
Hypersonic Flow,'" AGARD Conference on Fluid Physics of Hypersonic
Wakes, vol. 1, May 1967.

Sommer, S. and L. Yee, "An Experiment to Determine the Structure
of a Planetary Atmosphere,' AIAA Paper No. 68-1054, October 1968.

Cassanto, J.M. and P. Buce, '"Free Fall Drop Tests to Determine Low

Speed Stability and Base Pressure Characteristics for Blunt
Planetary Entry Bodies," JSR, Vol. 8, No. 7, July 1971.

23



LIST OF SYMBOLS
base diameter (m)
model length along symmetry axis (m)
local Mach number |
free stream Mach number
base pressure (Pa)
free stream static pressure (Pa)
radial distance from médel centerline (m)
base radius (m)
nose radius (m)

Reynolds number based on wetted length and free stream
conditions

time (s)
angle of attack (deg)

cone half angle (deg)
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